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» Hadron mass

Introduction

Quantum Chromodynamics (QCD)

m=) Constituent quark mass

Current quark mass

O(103) MeV

> Strong Coupling at low energy scale a5 > 1

300 MeV
O(10) MeV

 QCD at finite temperature and density

» Phase diagram
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N
M

=QCD os(Mz) =0.1184+0.0007
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Quark-Gluon Plasma (QGP)

Color Super-Conductivity

10 Q[GeV] 100

Dynamical Chiral Symmetry Breaking(DxSB) (1)) # 0



Introduction
Non-Perturbative Renormalization Group(NPRG)

Shell
Lower mode mode Higher mode
. ‘ ‘ > P
Infrared limit ¢— A=G6A A

Ao
e~ Seit[0<5A] ( Do, e~ So0[#s]
A
Wilsonian effective action

=) NPRG equation

dS eff
dA

=p



NPRG

* Legendre effective action with IR cutoff I's[®]

> Propagator with regulator Ra (p)

o 1 1 ;
PTG +Ralp) P+ Ra(p) A P
=) The regulator suppresses the lower modes .. optimized cutoff function
with p < A D.F.Litim Phys. Rev D64, 105007
m=) The higher modes with A < p < Ag are _ (A B ) P
integrated out. Ba(p) =7 ol 61— 32)

A is regarded as an infrared cutoff scale.

 Wetterich flow equation

1 F ¥l - 1
ONPA[®] = 5STr | ==Ta[@] o + Ra| - (0aRa) p =3
IR:A—0 A UV:A — Ag
I*

r FA SO



Approximations for NPRG

* Approximation methods Ex: ¢*theory with Z5 symmetry

» Derivative expansion
Ca,l6] = Solo] = [ e |5(0,07 + e + 106']

FA[¢]:/d4az [VA(¢)+%ZA(¢)( 0,0)% + YA(¢)¢(32¢)+...]

Local Potential Approximation(LPA) ) = (2m)* 0% (p)p Zy =1

d(p
) T, [g] :/ [VA(Cb) %( u¢)2]

> Truncation

Vale) = 1

The potential function is spanned by the polynomials of field.

We need to truncate the expansion to some finite
order.



Nambu—Jona-Lasinio Model

4-fermi interaction
L =ig + %{(W)Q + (Pivs)*}
Invariant under Chiral global U(1) transformation
Y(@) = e(x), P(a) = Pz)e”’
I:> Prohibit the mass term M1
Y = P20 £ i
Describe the DxSB of QCD

4-fermi coupling is fluctuation of chiral order B
parameter. L + moy)

S
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NPRG and NJL model
at finite temperature and density
Bare action
o= [t 590 + winow - L{00)? + Gins)]
Effective action

o = [[ate [6ip0 + winow - S@0? + @ins)?)]

e Generate the 4-fermi interaction

- e e - -

Large-N leading part

Large-N leading NPRG eq. €®8) Mean field approximation
‘ Large-N non-leading NPRG eq.

* 3d optimized cutoff function

Ratp) = (= 1) 60 55 = r(w/)



Large-N leading
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Large-N non-leading

D RN e e

1
0,9 = —2g + = g*(4I, — 1)

37— 0 GA2 1
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Analysis Method

- 4
Org = —2g + 59210 - leading

1
0rg = —2g + §g2(410 — 1)  :non-leading

Na¥

| =

Iy : leading

(4Ip — I1) :non-leading
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Leading vs. non-leading

* Phase diagram
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QM model and NPRG

B.-J Schaefer, J.Wambach Nucl. Phys. A757 479

Effective action of Quark Meson model Ne=3 Ne=2
CA[®] = / d*x {ﬂ[v”@u + h(o 4+ 47 - Ty5) |0

1 1
+§(c‘9ﬁ,,a)2 - 5(@7?)2 + Up(0® + 7?2)}

The mesonic effective potential U, is a function of the
O(4)-symmetric field ¢* = o2 + 72

We use 3d optimized cutoff function.

B (o) = (= 1) 600 85 = re(o/)

RY ) = (55— 1) 601 - 55 =9 rue/)



QM model and NPRG

* NPRG eg. of the scale-dependent grand canonical

thermodynamic potential (7', i; ¢)

G A5 T3 E,
AL QAT ;) = — h( =X
gL 0) = — o0 [EW cot (QT
ON.N
—— f{anh
Eq

E; = /A2 + M? i =q,0,T

O
2 2 .2 —
Mq :h QS Ma—2W

* |nitial conditions

U, (¢2) — Z(¢2)2

Ao =500 MeV A =10
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T[GeV]

Phase diagram

Numerical results
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V(9)-V(9o)[GeV]

2nd order transition
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Numerical results
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V(9)-V(9o)[GeV]

15t order transition

1.2e-05

Numerical results

T =43 MeV, p = 225 MeV
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V(9)-V(9)[GeV]

Numerical results

15t order transition at low temperature T =8 MeV, u = 256.5 MeV

and
9e-05

8e-05
7e-05
6e-05
S5e-05
4e-05
3e-05
2e-05

1e-05
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Numerical results

« 2" order transition at low temperature
and high density

T =6 MeV, p =272 MeV

1e-05 T T T T T~ I
; | T=0.0Q.6[GéM,c%:0.272[@@&/] I
E__- _— l":lfl.II }'II /’I‘v l'l | : I |
A /A ||
i VA
Illlll'f‘ l
8e-06 i
‘<*;' 6e-06
(]
O,
=
e
>
=
= de-06
7 - S R SRS SO /SO SO X W—




Summary

We study effective models of QCD at finite temperature and density beyond
mean field approximation using Non-Perturbative Renormalization Group.

Running Yukawa coupling
Bosonized 4-fermi interaction

0al8] = [ dta {010, + hio + 7 Fra)lb + GGV + (Gins)?)
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Non-ladder extended NPRG eq.

u/A =020, T/A =10~
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Appendix



e Effective interaction: Not Lorentz invariant

Ve = —%{(%M)Q — (s 7u1)°}
=~ TW00)” — @rn09)} = T ) — (ysnenh)?)

* Non-ladder extended NPRG eq.

1 1 1 1
O0tgo = —2g0 + ggg(fo — L) + 59091 (I, — I3) + 59%(-70 — L) + gg%(fl + I3)

1 1 2 1 7
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